The traditional serrated adenoma is the least common colorectal serrated polyp. The clinicopathological features and molecular drivers of these polyps require further investigation. We have prospectively collected a cohort of 200 ordinary and advanced traditional serrated adenomas and performed BRAF and KRAS mutational profiling, CpG island methylator phenotype analysis, and immunohistochemistry for a panel of 7 antibodies (MLH1, b-catenin, p53, p16, Ki67, CK7, and CK20) on all cases. The mean age of the patients was 64 years and 50% were female. Of the polyps, 71% were distal. Advanced histology (overt dysplasia or carcinoma) was present in 19% of cases. BRAF mutation was present in 67% and KRAS mutation in 22%. BRAF mutant traditional serrated adenomas were more frequently proximal (39% versus 2%; Pr0.0001), were exclusively associated with a precursor polyp (57% versus 0%; Pr0.0001), and were more frequently CpG island methylator phenotype high (60% versus 16%; Pr0.0001) than KRAS mutant traditional serrated adenomas. Advanced traditional serrated adenomas retained MLH1 expression in 97%, showed strong p53 staining in 55%, and nuclear b-catenin staining in 40%. P16 staining was lost in the advanced areas of 55% of BRAF mutant traditional serrated adenomas compared with 10% of the advanced areas of KRAS mutant or BRAF/KRAS wildtype traditional serrated adenomas. BRAF and KRAS mutant traditional serrated adenomas are morphologically related but biologically disparate polyps with distinctive clinicopathological and molecular features. The overwhelming majority of traditional serrated adenomas retain mismatch repair enzyme function indicating a microsatellite-stable phenotype. Malignant progression occurs via TP53 mutation and Wnt pathway activation regardless of mutation status. However, CDKN2A (encoding the p16 protein) is silenced nearly exclusively in the advanced areas of the BRAF mutant traditional serrated adenomas. Thus, the BRAF mutant traditional serrated adenoma represents an important precursor of the aggressive BRAF mutant, microsatellite-stable subtype of colorectal carcinoma. The serrated neoplasia pathway accounts for 15 to 35% of colorectal carcinoma. 1-3 Well-established molecular drivers of this pathway are MAP kinase pathway activation, a critical early event resulting from either activating BRAF or KRAS mutation, 4 and the CpG island methylator phenotype, a coordinate methylation of CpG islands in the promoter regions of many genes that results in gene silencing. [4] [5] [6] The CpG island methylator phenotype is particularly relevant to carcinogenesis when affecting tumorsuppressor genes. 5 MLH1 is the best known of these, with silencing leading to microsatellite instability. This is frequently observed in the malignant transformation of sessile serrated adenomas. However, MLH1 methylation and microsatellite instability are not prerequisites of serrated neoplasia.
The traditional serrated adenoma is the least common colorectal serrated polyp. The clinicopathological features and molecular drivers of these polyps require further investigation. We have prospectively collected a cohort of 200 ordinary and advanced traditional serrated adenomas and performed BRAF and KRAS mutational profiling, CpG island methylator phenotype analysis, and immunohistochemistry for a panel of 7 antibodies (MLH1, b-catenin, p53, p16, Ki67, CK7, and CK20) on all cases. The mean age of the patients was 64 years and 50% were female. Of the polyps, 71% were distal. Advanced histology (overt dysplasia or carcinoma) was present in 19% of cases. BRAF mutation was present in 67% and KRAS mutation in 22%. BRAF mutant traditional serrated adenomas were more frequently proximal (39% versus 2%; Pr0.0001), were exclusively associated with a precursor polyp (57% versus 0%; Pr0.0001), and were more frequently CpG island methylator phenotype high (60% versus 16%; Pr0.0001) than KRAS mutant traditional serrated adenomas. Advanced traditional serrated adenomas retained MLH1 expression in 97%, showed strong p53 staining in 55%, and nuclear b-catenin staining in 40%. P16 staining was lost in the advanced areas of 55% of BRAF mutant traditional serrated adenomas compared with 10% of the advanced areas of KRAS mutant or BRAF/KRAS wildtype traditional serrated adenomas. BRAF and KRAS mutant traditional serrated adenomas are morphologically related but biologically disparate polyps with distinctive clinicopathological and molecular features. The overwhelming majority of traditional serrated adenomas retain mismatch repair enzyme function indicating a microsatellite-stable phenotype. Malignant progression occurs via TP53 mutation and Wnt pathway activation regardless of mutation status. However, CDKN2A (encoding the p16 protein) is silenced nearly exclusively in the advanced areas of the BRAF mutant traditional serrated adenomas. Thus, the BRAF mutant traditional serrated adenoma represents an important precursor of the aggressive BRAF mutant, microsatellite-stable subtype of colorectal carcinoma. The serrated neoplasia pathway accounts for 15 to 35% of colorectal carcinoma. [1] [2] [3] Well-established molecular drivers of this pathway are MAP kinase pathway activation, a critical early event resulting from either activating BRAF or KRAS mutation, 4 and the CpG island methylator phenotype, a coordinate methylation of CpG islands in the promoter regions of many genes that results in gene silencing. [4] [5] [6] The CpG island methylator phenotype is particularly relevant to carcinogenesis when affecting tumorsuppressor genes. 5 MLH1 is the best known of these, with silencing leading to microsatellite instability. This is frequently observed in the malignant transformation of sessile serrated adenomas. However, MLH1 methylation and microsatellite instability are not prerequisites of serrated neoplasia.
Traditional serrated adenomas remain the least understood of the serrated polyps, probably reflecting their rarity, accounting for o1% of colorectal polyps in most series. [7] [8] [9] [10] They were first defined by Longacre and Fenoglio-Preiser 7 as serrated adenomas, describing polyps with mixed hyperplastic and adenomatous features, a subset of which showed what is now considered the 'typical cytology' of a traditional serrated adenoma, namely cells with abundant eosinophilic cytoplasm and centrally placed pencillate nuclei. 7 Since then, a diverse range of polyps including sessile serrated adenoma, sessile serrated adenoma with dysplasia, and tubulovillous adenoma with prominent serration have been misclassified as traditional serrated adenomas. 11 Publications by Torlakovic et al 12, 13 in 2003 and 2008 improved diagnostic reproducibility by characterizing the sessile serrated adenoma and identifying key features of the traditional serrated adenoma, in particular ectopic crypt formations. The fourth edition of the WHO Classification of Tumors of the Digestive Tract emphasizes protuberant and villiform growth patterns and ectopic crypt formations in the diagnosis of the traditional serrated adenoma. 11 Typical cytology is recognized as a frequent but not requisite feature.
In our experience, polyps with flat growth and absent ectopic crypt formations, but with classical traditional serrated adenoma cytology and slit-like serration, are relatively common but inconsistently classified. Many pathologists consider the typical eosinophilic cell of the traditional serrated adenoma to be inherently dysplastic, yet these cells are not morphologically atypical, do not display mitotic activity, and show absent or minimal proliferative activity by Ki67 staining. 11, 13 Moreover, a subset of traditional serrated adenomas develop discrete areas of morphologically overt dysplasia. [14] [15] [16] How to classify these advanced traditional serrated adenomas and how to separate them from ordinary traditional serrated adenomas in routine practice has been inadequately addressed. The origin of the traditional serrated adenomas is also unclear. Whereas some probably arise de novo, many appear to arise in a precursor polyp, especially microvesicular hyperplastic polyps or sessile serrated adenomas. 13, [16] [17] [18] The traditional serrated adenoma also shows more molecular heterogeneity than most other polyps. The frequency of BRAF and KRAS mutation and CpG island methylator phenotype high versus CpG island methylator phenotype low or negative is variable in the literature, unusual for a polyp that, above issues aside, is morphologically fairly uniform. 14, 16, 17, 19, 20 The reasons for, and the significance of, this heterogeneity have not been investigated. Finally, the pathways by which traditional serrated adenomas progress to carcinoma have not been extensively studied.
Herein, we provide a detailed clinicopathological, morphological, and molecular examination of a series of 200 traditional serrated adenomas. We aimed to address the above morphological issues and to interrogate the molecular features of these polyps, with a two-part focus on (1) BRAF versus KRAS mutant traditional serrated adenomas and (2) ordinary versus advanced traditional serrated adenomas. We find that traditional serrated adenomas can be flat and frequently arise in a precursor microvesicular hyperplastic polyp or sessile serrated adenoma. Furthermore, although BRAF and KRAS mutant traditional serrated adenomas are morphologically related, they are biologically distinct polyps, with differing clinicopathological and molecular features that culminate in different subtypes of colorectal carcinoma.
Materials and methods

Patients and Samples
A total of 200 traditional serrated adenomas from 196 patients were included in the study. Cases were prospectively collected between June 2007 and June 2013 during routine reporting by one author (NW) at Envoi Specialist Pathologists. All cases were reviewed by two pathologists (MB and NW) and included only if both pathologists were in agreement on the diagnosis. The series included traditional serrated adenomas removed by polypectomy, endoscopic mucosal resection, transanal endoscopic microsurgery, and colectomy. Cases from patients with known inflammatory bowel disease or a polyposis syndrome were excluded. Clinicopathological data including patient age, gender, polyp size, and location were collected from a combination of the pathology request form, specimen container, and pathology report. In this study, proximal includes cecum, ascending colon, hepatic flexure, and transverse colon; distal includes splenic flexure, descending colon, sigmoid colon, and rectum. As a control group, 50 tubulovillous adenomas without morphological evidence of serration were collected. Tubulovillous adenomas were selected as the control group as they more closely simulate the morphology of the traditional serrated adenoma than do tubular adenomas. The study was approved by the ethics committee of QIMR Berghofer Medical Research Institute (P1298).
Histopathological Inclusion Criteria
Inclusion criteria were based on previously published features. 3, 7, [11] [12] [13] All polyps displayed at least two of the following three features: (1) typical cytology, (2) slit-like epithelial serrations, and (3) ectopic crypt formations, with at least one feature evident in 450% of the polyps (Figures 1a and b) .
Typical cytology referred to cells with abundant brightly eosinophilic cytoplasm with centrally placed, pencillate nuclei 7 ( Figure 1b) ; slit-like epithelial serrations referred to narrow slits in the epithelium similar to normal small intestinal mucosa 3 ( Figure 1b ) and ectopic crypt formations referred to epithelial buds with their bases not seated adjacent to the muscularis mucosae (Figure 1b) . 13 
Diagnosis and Validation of Flat Growth Pattern
Each polyp was assessed for growth pattern (flat versus protuberant). A flat growth pattern was diagnosed when the majority of the polyps was elevated less than twice the height of the normal mucosa and lacked prominent viliform projections (Figures 1c-f) .
Because flat growth in a traditional serrated adenoma is controversial, we further validated the diagnostic reproducibility of this subtype. A panel of four gastrointestinal pathologists (MB, NW, CR, and IB), blinded to all clinicopathological information, independently assessed the flat traditional serrated adenomas along with 50 sessile serrated The traditional serrated adenoma adenomas randomly selected from a previous study set. 10 The diagnosis of traditional serrated adenoma was based on the criteria outlined above and the diagnosis of sessile serrated adenoma was based on previously published criteria. 10, 21 
Identification of a Precursor Component
After reaching the inclusion criteria for the study, each traditional serrated adenoma initially identified as having a precursor component by the principal author (MB) was additionally assessed for the presence of a precursor polyp of any type by three additional pathologists (NW, CR, and IB). The precursor component was required to represent a discrete area of the lesion with clear morphological distinction from the traditional serrated adenoma component either at the edge or underlying the traditional serrated adenoma (Figures 2a-c) . 16 Diagnosis of a sessile serrated adenoma precursor required the presence of at least one unequivocal sessile serrated adenoma-type crypt. 10, 21 A precursor component was diagnosed if there was consensus among all four pathologists.
Diagnosis of Advanced Traditional Serrated Adenoma
The cohort was divided into 'ordinary' and 'advanced' traditional serrated adenomas based on the presence or absence of dysplasia or carcinoma. Dysplasia required an abrupt transition from typical traditional serrated adenoma to overt cytological dysplasia (Figure 2d ). Cytological features included increased nuclear size, frequent and atypical mitoses, nuclear crowding, complete loss of polarity, and pseudo-stratification with nuclei extending into the upper half of the neoplastic cell. 11, 14, 15 Architectural features were crowding of glands, cribriform glands, and intraluminal necrosis. Carcinoma was recognized by breach of the muscularis mucosae by cytologically dysplastic cells in concert with desmoplastic stroma.
All advanced areas were assessed for serrated morphology. In areas of dysplasia we used the criteria outlined in the WHO of cuboidal cells with eosinophilic cytoplasm, vesicular nuclei and prominent nucleoli. 11 For areas of carcinoma we used the criteria of Makinen 22 and required five features for a diagnosis of serrated morphology.
Immunohistochemistry
Immunohistochemistry was performed from the formalin-fixed, paraffin-embedded blocks. Sections were cut at 4 mm and then dewaxed and rehydrated. Antigen retrieval for MLH1, CK7, p16, and Ki67 was performed by incubation in high pH antigen retrieval solution (pH9.0, Dako, Glostrup, Denmark) at 112 1C for 7 min. Antigen retrieval for b-catenin, p53, and CK20 was performed by incubation in low pH antigen retrieval solution (pH6.0, Biocare Medical, Concord, CA, USA) at 112 1C for 7 min.
Sections were manually stained following the manufacturer's instructions. Antibodies used were: MLH1 (clone G168-15, 1:100, BD Pharmingen, Franklin Lakes, NJ, USA), b-catenin (1:600, Cell Marque, Rocklin, CA, USA), p53 (clone DO-7, 1:150, Biocare Medical), p16 (clone JC8, 1:150, Santa Cruz Biotechnology, Dallas, TX, USA), Ki67 (clone MIB-1, 1:100, Dako), CK7 (clone OV-TL12/30, 1:100, Dako), and CK20 (clone Ks20.8, 1:150, Biocare Medical). Slides were counterstained with Mayer's hematoxylin.
Each marker was assessed for both intensity and extent of staining in the following compartments: basal zone, typical eosinophilic cells, ectopic crypt formations, goblet cells, dysplastic components, and invasive carcinoma components. Intensity was scored as 0-3 (0 ¼ no staining, 1 ¼ weak staining, 2 ¼ moderate staining, 3 ¼ strong staining) and extent as 0-4 (0 ¼ no staining, 1 ¼ 1-10% of cells, 2 ¼ 11-50% of cells, 3 ¼ 51-90% of cells, 4 ¼ 490% of cells). When intensity was variable, an average of the intensity was used. A final score was determined by multiplying the intensity and extent scores (minimum score ¼ 0, maximum ¼ 12).
Interpretation of each marker was as follows. Normal MLH1 expression required the presence of nuclear staining with a score of Z3 in each compartment. Positive b-catenin required nuclear staining with a score of Z2 in any compartment. Loss of membrane staining and cytoplasmic staining were not considered positive. 14, 23 Positive p53 required nuclear staining with a score of Z6 in any compartment. 14 Positive P16 required either cytoplasmic or nuclear staining with a score of Z3 in any compartment. 24 Positive Ki67 required nuclear staining with a score of Z9 in any compartment.
Positive cytokeratin 7 and cytokeratin 20 required cytoplasmic staining with a score of Z3 in any compartment. For ordinary traditional serrated adenomas, the compartment with the highest score was used for analysis. For advanced traditional serrated adenomas, the score only in the areas of dysplasia or carcinoma was used for analysis.
DNA Extraction
DNA was extracted from the formalin-fixed, paraffin-embedded blocks using the Chelex-100 extraction method (Bio-Rad Laboratories, Hercules, CA, USA). In brief, three 10 mm sections were cut from the FFPE blocks and heated to 90 1C in 200 ml of 0.5% Tween-20 in 1 Â TE and then digested with 80 mg of proteinase K at 55 1C for 3 h. After digestion, 200 ml of 5% Chelex-100 was added to the samples and they were heated to 99 1C, centrifuged then cooled on ice, and the paraffin layer removed. Then, 200 ml of chloroform was added, the samples centrifuged for 15 min, and the final product from the surface phase removed by manual pipette. DNA concentration was established by spectrophotometry (NanoDrop 2000, Thermo Scientific, Fremont, CA, USA). In cases where there was contamination of the formalin-fixed, paraffinembedded block by nonpolypoid tissue, manual microdissection was performed using a sterile scalpel blade with a marked hematoxylin and eosin-stained section as a guide.
BRAF and KRAS Mutation Detection
The BRAF V600E mutation was detected by allelespecific PCR as previously described. 25 KRAS mutations were assessed by high-resolution melt analysis as previously described. 26 
CpG Island Methylator Phenotype Determination
Polyp genomic DNA was treated with sodium bisulfite using the Epitect Fast Bisulfite Conversion Kit (Qiagen, Duesseldorf, Germany) according to the manufacturer's instructions. CpG island methylator phenotype status was determined using the MethyLight technique as previously described by Weisenberger et al 27 The CpG island methylator phenotype panel genes consisted of CACNA1G, IGF2, NEUROG1, RUNX3, and SOCS1. The output from this assay was percent of sample DNA methylated relative to a DNA reference sample, to give a percentage of methylated reference. Using previously published criteria, 27 samples with Z3 markers with a percentage of methylated reference of 410 were considered CpG island methylator The traditional serrated adenoma phenotype high, samples with one or two markers with a percentage of methylated reference 410 were considered CpG island methylator phenotype low, and samples with no markers 410 were considered CpG island methylator phenotype negative. Completely methylated genomic DNA from pooled blood samples was used to generate a standard curve for each gene. Negative controls were run on each plate and the ALU gene was used to ensure the quality of each sample of bisulfite-treated DNA. As previously published, we considered samples to have failed if the ALU cycle threshold value (Ct) was 423. 28 In addition, we required the ALU representative calculated concentration to be 41000. The methylation status of the MLH1 promoter region was also assessed using MethyLight using the same technique as described above. The probe and primer sequences are as described previously. 29 
Statistical Analysis
Categorical variables were compared by Fisher's exact test and continuous variables by Student's t-test. A P-value of r0.05 was considered significant. Interrater agreements of diagnoses by different pathologists were estimated using Fleiss's k and intraclass correlation coefficients were also obtained. SPSS version 19, R version 3.0.2, and GraphPad Prism version 6.02 were used for statistical analyses.
Results
Clinicopathological Data
The clinicopathological data are presented according to the presence or absence of advanced histology and by mutation status in Tables 1 and 2 . Advanced traditional serrated adenomas were larger (mean 25 mm) and less often associated with a precursor polyp (13%) than ordinary traditional serrated adenomas (mean 16 mm, 38% precursor polyp). Most traditional serrated adenomas had mutation of either BRAF (67%) or KRAS (22%) and these mutations were mutually exclusive ( Table 2) . BRAF mutant traditional serrated adenomas were more often proximal (39%) and had more frequent origin in a precursor polyp (57%) than KRAS mutant traditional serrated adenomas that were rarely proximal (2%) and never associated with a precursor polyp (Table 2) . Table 3 outlines the inclusion criteria relative to polyp size. Smaller polyps were less likely to have ectopic crypt formations. Similarly, 19 of 76 (25%) flat traditional serrated adenomas did not have ectopic crypt formations; in contrast, only 3 of 124 (2%) protuberant traditional serrated adenomas did not show ectopic crypt formations (Po0.0001). Table 4 demonstrates the relationship between polyp location, mutation status, and flat morphology. BRAF mutant and proximal polyps were more likely to be flat than distal polyps. However, after accounting for anatomical location, no difference was observed by mutation status alone. Reproducibility of the diagnosis of flat traditional serrated adenomas compared with sessile serrated adenomas was excellent, with a k-value of 0.93 (Po0.001) and the intraclass correlation coefficients absolute agreement of 0.981 (95% confidence interval 0.975-0.986; Po0.001).
All advanced areas were assessed for serrated morphology ( Table 5 ). The majority of cases had serrated morphology. All cases with both dysplasia and invasive carcinoma showed the same morphology in both components. No significant associations could be identified between serrated morphology and molecular or immunohistochemical profile.
Mutation Status and the CpG Island Methylator Phenotype
BRAF and KRAS mutation were present in 67% and 22% of polyps, respectively. BRAF mutant, KRAS mutant, and BRAF/KRAS wild-type polyps were CpG island methylator phenotype high in 60%, 16%, and 17% respectively, low in 28%, 44%, and 48%, respectively, and negative in 11%, 40%, and 35%, respectively. The control tubulovillous adenomas were CpG island methylator phenotype high, low, and negative in 0%, 6%, and 94%, respectively. BRAF mutation was more frequent than KRAS mutation (Po0.0001) and was more often associated with CpG island methylator phenotype high than KRAS mutation (Po0.0001); however, KRAS mutant traditional serrated adenomas were more frequently CpG island methylator phenotype high than control tubulovillous adenomas (P ¼ 0.0034). In all, 75% (44/59) of proximal traditional serrated adenomas were CpG island methylator phenotype high, compared with 35% (48/139) of distal traditional serrated adenomas (Po0.0001) and, in addition, 83% (43/59) of proximal BRAF mutant traditional serrated adenomas were CpG island methylator phenotype high, compared with 46% (38/82) of distal BRAF mutant traditional serrated adenomas (Po0.0001). Despite this, distal BRAF mutant traditional serrated adenomas remained more likely to be CpG island methylator phenotype high than distal KRAS mutant traditional serrated adenomas (P ¼ 0.0025). The CpG island methylator phenotype-low status was present in 44% and 48% of KRAS mutant and BRAF/KRAS wild-type traditional serrated adenomas, respectively, but was seen in only 6% of control tubulovillous adenomas. Advanced traditional serrated adenomas showed no statistically significant association with mutation status or CpG island methylator phenotype when compared with ordinary traditional serrated adenomas. No BRAF mutations were identified in the control tubulovillous adenomas.
MLH1 promoter methylation was present in 7% (9/134) of the BRAF mutant traditional serrated adenomas (8 ordinary and 1 advanced), but in none of the KRAS mutant or BRAF/KRAS wild-type traditional serrated adenomas. Only the single advanced traditional serrated adenoma with MLH1 methylation showed concordant loss of MLH1 expression by immunohistochemistry. Table 6 outlines the immunohistochemical features of the study polyps. Among the ordinary traditional serrated adenomas, BRAF mutant traditional serrated adenomas were more likely than KRAS mutant traditional serrated adenomas to have a high Ki67 proliferative index in the basal compartment. No The traditional serrated adenoma other statistically significant differences in staining patterns were identified between the ordinary traditional serrated adenomas when stratified according to mutation status. Advanced traditional serrated adenomas showed significantly increased nuclear staining for b-catenin (Figures 3a and b ) and p53 ( Figure 3c ) compared with the ordinary traditional serrated adenomas. MLH1 nuclear staining was retained in all but one case. P16 staining was lost in 42% of the dysplastic components and 89% of the invasive components in advanced BRAF mutant polyps (Figure 3d ). In contrast, p16 staining was lost in only 8% of dysplastic and 17% of invasive components in the KRAS mutant and BRAF/KRAS wild-type polyps.
Immunohistochemistry
Discussion
This clinicopathological, morphological, and molecular appraisal of a large series of rigorously categorized traditional serrated adenomas was undertaken with the aim of clarifying areas of morphological and molecular uncertainty related to these polyps. We focused on identifying features that discriminated BRAF and KRAS mutant cases and on identifying pathways by which traditional serrated adenomas progress to carcinoma. Because of the variability in traditional serrated adenoma morphology and its evolution as they enlarge, absolute diagnostic criteria are difficult to define, although typical cytology, ectopic crypt formations, slit-like luminal serrations, and protuberant or villiform growth have proven useful. Slit-like serrations are possibly the most specific, differentiating traditional serrated adenomas from morphologically similar tubulovillous adenomas with prominent serration. 30 To ensure all polyps in the study group were traditional serrated adenomas, we required all cases to show at least two of the first three features listed, with at least one present in 50% of the polyp. Table 3 shows the relative contribution of each of these features. Of note, smaller polyps are less likely to show ectopic crypt formations.
We specifically did not include protuberant or viliform growth as an inclusion criterion, as we regularly identify traditional serrated adenomas with a flat growth pattern. Because the concept of a flat traditional serrated adenoma is contentious, we performed a reproducibility study to determine whether we could reliably distinguish these polyps from sessile serrated adenomas. In this study we achieved an excellent level of interobserver concordance, indicating that flat traditional serrated adenomas can be reliably distinguished from sessile serrated adenomas. Flat traditional serrated adenomas are typically (but not exclusively) proximal, BRAF mutant and arise in sessile serrated adenomas. Although proximal polyps are more likely to be flat, this is unrelated to mutation status, with distal BRAF and KRAS mutant traditional serrated adenomas showing similar rates of flat and protuberant growth. This correlates with a previous study showing that distal sessile serrated adenomas can also be protuberant, 31 thus flat versus protuberant morphology is probably secondary to location rather than being an intrinsic element of the traditional serrated adenoma.
Our clinicopathological data are in agreement with recent publications, [14] [15] [16] [17] although in our series, precursor polyps were limited to microvesicular hyperplastic polyps and sessile serrated adenomas and were exclusively associated with BRAF mutation. BRAF mutant traditional serrated adenomas were also more likely to be proximal than KRAS or BRAF/KRAS wild-type traditional serrated adenomas. Other than the association with a precursor polyp, no differences in morphology were identified based on mutation status alone.
A critical morphological issue is the distinction between traditional serrated adenoma arising in a sessile serrated adenoma from a sessile serrated adenoma with cytological dysplasia. Based on our data, there are important biological differences between these two lesions, particularly relating to mismatch repair enzyme function, and thus histological distinction is important. When the traditional serrated adenoma component is obvious, the diagnosis should not be difficult; however, it is fairly common to see a small but discrete focus with traditional serrated adenoma-type cytology arising in an otherwise typical sessile serrated adenoma. In our opinion, this may represent senescent change, or possibly early traditional serrated adenoma arising in the sessile serrated adenoma. Some pathologists consider such change as serrated dysplasia, warranting a diagnosis of sessile serrated adenoma with dysplasia. In an audit of our own practice, a subset The study cohort included 38 advanced traditional serrated adenomas, including 22 with BRAF mutation, 10 with KRAS mutation, and 6 BRAF/KRAS wild type. In some polyps, both dysplasia and carcinoma were present and these components were assessed separately. In all cases displaying both dysplasia and carcinoma, the two components had the same morphology.
of sessile serrated adenomas with dysplasia (mostly before 2012) showed this change (Mark Bettington and Neal Walker, unpublished data). In our more recent opinion, rendering a diagnosis of sessile serrated adenoma with dysplasia in this situation will imply a significantly greater degree of malignant risk than is warranted. True sessile serrated adenomas with dysplasia have been demonstrated to show Wnt pathway activation, 23 loss of mismatch repair function, 32 CDKN2A silencing, 24 and sometimes TP53 mutation. 33 In contrast, from our data, ordinary traditional serrated adenomas arising in a sessile serrated adenoma do not have these advanced features. Thus, in our opinion, calling these lesions sessile serrated adenoma with dysplasia risks diminishing the significance of true sessile serrated adenoma with dysplasia and potentially leads to erroneous conclusions regarding surveillance.
The final important morphological point is the diagnosis of dysplasia arising in a traditional serrated adenoma. In our series we found a very high rate of both serrated type dysplasia and carcinoma among our advanced polyps. This is in keeping with the work of Makinen et al, 22, 34 who defined serrated adenocarcinoma primarily from cancers arising in traditional serrated adenomas. In a subsequent paper, Stefanius et al 35 showed that both KRAS and BRAF mutations are common in serrated adenocarcinomas. Our findings are in keeping with these earlier studies but are different to those more recently published by Tsai et al. 15 In addition, we are of the opinion that the typical traditional serrated adenoma cytology does not represent a serrated dysplastic change. 11 This is a controversial issue; the reasons for our opinion are as follows. First, the typical traditional serrated The traditional serrated adenoma adenoma cytology is not overtly atypical; second, these cells do not show mitoses and have a very low proliferative index by Ki67 staining; and third, they do not show the advanced features seen in the overtly dysplastic cells of advanced polyps, namely positive nuclear staining for b-catenin and p53 and loss of staining for p16. Instead of routinely describing dysplasia in traditional serrated adenomas, we propose that the nomenclature be brought into line with that of the sessile serrated adenoma, whereby the ordinary traditional serrated adenoma is simply designated traditional serrated adenoma, with no mention of cytological dysplasia, and advanced traditional serrated adenomas are designated traditional serrated adenoma with dysplasia or carcinoma as appropriate. Although different patterns of dysplasia occur, the key point is to identify traditional serrated adenomas with advanced biology and a higher risk of malignant progression as evidenced by the Wnt pathway activation, TP53 mutation, and CDKN2A loss demonstrated in this study. Thus, similar to the sessile serrated adenoma, reporting the presence of overt dysplasia is the critical issue. At this time, assigning a grade or dividing dysplasia into serrated versus conventional types has no clinical utility and may only introduce confusion into the nomenclature. The second major aim of this paper was to give a thorough account of the molecular features of the traditional serrated adenoma. To this end, we performed BRAF, KRAS, and CpG island methylator phenotype analysis on all polyps in the series. In line with recent publications, 16, 17 we found that BRAF mutant traditional serrated adenomas represented about two-thirds of all cases and the vast majority of proximal traditional serrated adenomas. In contrast, KRAS mutant traditional serrated adenomas were almost exclusively distal, with a particular predilection for the rectum. BRAF/KRAS wild-type cases were more closely aligned with KRAS mutant polyps than BRAF mutant cases and may have as yet undefined upregulation of MAP kinase signaling.
CpG island methylator phenotype-high status, as expected, correlated strongly with both proximal location and BRAF mutation. However, 16% of KRAS mutant traditional serrated adenomas were CpG island methylator phenotype high and 44% were CpG island methylator phenotype low, indicating that methylation may still play an important role in the malignant progression of these polyps. In addition, the level of CpG island methylator phenotype in the KRAS mutant and BRAF/KRAS wild-type traditional serrated adenoma was significantly more than seen in the control tubulovillous adenomas.
Some authors have questioned the validity of including traditional serrated adenomas as part of the serrated neoplasia pathway; however, the combination of MAP kinase pathway activation and CpG island methylator phenotype is strong evidence to support their continued inclusion. Part of this confusion may stem from the lack of reliability of CpG island methylator phenotype data reported in the literature. Unfortunately, no uniform panel for the CpG island methylator phenotype assessment has been utilized. In addition, in many studies, no controls were included or the control cases show the CpG island methylator phenotype far outside of what could reasonably be expected based on the reported histological diagnosis. 15, 19, 20, 36 This calls into question the CpG island methylator phenotype results for some of these studies. In the present study, we used the well-validated panel described by Weisenberger et al. 27 In this series, the vast majority of control tubulovillous adenomas were CpG island methylator phenotype negative (94%) and none were CpG island methylator phenotype high, and this is the expected outcome and provides strong support for the validity of our results.
The final aim of this study was to interrogate the pathways by which traditional serrated adenomas progress to carcinoma. We stained each polyp with seven immunohistochemical markers. The ordinary traditional serrated adenomas were remarkably uniform in their staining patterns. Ki67 and cytokeratin 20 predominantly showed the pattern described by Torlakovic et al, with a high Ki67 index in the ectopic crypt formations and basal crypts but very limited in the typical surface cells and the opposite pattern with cytokeratin 20. 13 The Ki67 index was high in essentially all areas of dysplasia or early carcinoma. A proportion of ordinary and advanced traditional serrated adenomas, particularly BRAF mutant cases, showed an aberrant cytokeratin 7 and cytokeratin 20 immunophenotype. A previous study of BRAF mutant colorectal carcinomas showed similar aberrations, 37 but were most evident in the microsatellite-unstable group. This knowledge can be important when working up malignancies of unknown origin, but is not informative in the diagnosis of individual polyps.
Perhaps the most important feature of the advanced traditional serrated adenomas was the almost uniform retention of staining for MLH1, replicating the findings of a recent publication restricted to advanced traditional serrated adenomas, in which no loss of mismatch repair function was observed in 60 cases. 15 This indicates a crucial biological difference in the pathways by which traditional serrated adenomas and sessile serrated adenomas with dysplasia progress to carcinoma. In the majority of sessile serrated adenomas with dysplasia, MLH1 silencing is a critical step in malignant progression, resulting in microsatellite instability and is associated with an improved prognosis. 38 In contrast, essentially all colorectal carcinomas arising from traditional serrated adenomas are microsatellite stable.
b-Catenin is the final transcription factor of the Wnt signaling pathway; activation results in increased transcription of a variety of proliferation promoting genes. 39 In conventional chromosomal instability-type colorectal carcinoma, the Wnt pathway is activated by APC mutation. However, APC mutation is uncommon in serrated pathway carcinomas; instead, a variety of Wnt suppressors can be silenced by promoter methylation allowing activation of Wnt signaling. 39 A shift from membranous to nuclear staining of b-catenin is indicative of canonical Wnt pathway activation irrespective of cause and is an effective surrogate for identifying Wnt signaling. Advanced areas of the traditional serrated adenomas showed a highly significant increase in nuclear b-catenin staining, indicating Wnt pathway activation as an important step in malignant progression. This finding is concordant with other studies of advanced traditional serrated adenomas. 14, 15 TP53 and CDKN2A (encoding p16) are critical tumor suppressor genes with loss of function demonstrated in a wide range of malignancies. Strong nuclear staining for p53 is an effective surrogate for TP53 gene mutation and was seen in the majority of advanced traditional serrated adenomas in this series. 40 In contrast, increased cytoplasmic or nuclear p16 staining indicates increased production of functional protein. 24 Normal colonic mucosa is p16 negative, whereas the basal crypts and the ectopic crypt formations of ordinary traditional serrated adenomas show weak and patchy p16 staining; advanced areas frequently show strong p16 expression. This incremental pattern is postulated to represent increasing efforts to control cell proliferation by upregulation of CDKN2A expression. However, in the majority of BRAF mutant but not KRAS mutant or BRAF/KRAS wild-type traditional serrated adenomas, p16 expression is abruptly lost in areas of dysplasia and/or carcinoma. This loss is attributed to methylation-induced silencing of the CDKN2A gene and appears to be an important step in the development of adenocarcinoma in these polyps. TP53 mutation has been reported previously, both as a feature of BRAF mutant, microsatellite-stable colorectal carcinoma and specifically in advanced traditional serrated adenomas. 14, 15, 33 However, to the best of our knowledge, loss of p16 staining has not previously been reported in advanced traditional serrated adenomas. A detailed outline of the proposed molecular pathways by which traditional serrated adenomas progress to carcinoma is provided in Figure 4 .
This study has limitations. First, the series is not consecutive, but instead includes cases that we considered classical traditional serrated adenomas. Our inclusion criteria are those we consider to be the most diagnostically specific. Admittedly, this is based on scant evidence and needs to be confirmed in a series specifically addressing diagnostic features. The 2008 paper of Torlakovic et al 13 is the best of this kind to date, but was limited to some extent by the nature of the study polyps, in particular, a limited number of tubulovillous adenomas, resulting in a greater emphasis placed on ectopic crypt formations than perhaps is warranted. Second, our series has a definite bias toward larger polyps because ectopic crypt formations were selected as one of our inclusion criteria and because cases were only included if a complete molecular and immunohistochemical analysis could be performed. Generally, this is more achievable in larger polyps. This may have resulted in a greater proportion of advanced traditional serrated adenomas than might be seen in a consecutive series of traditional serrated adenomas.
In our opinion, however, these weaknesses do not detract from the important conclusions of the study. Furthermore, the clinicopathological and molecular data are very similar to that presented in other recent large series. [15] [16] [17] Perhaps most relevant, in a recent study from our group that included 57 consecutive traditional serrated adenomas (1% of all colorectal polyps), the mean size (11 mm), mean age (62 years), gender distribution (50% female), and anatomical distribution (68% distal) were similar to what we see in this series. 10 Advanced histology was not recorded in that study for comparison. Given these similarities, we believe that the data presented here can be inferred to be a reasonable representation of traditional serrated adenomas generally.
In this study, we have built on the current understanding of the morphology and molecular biology of the traditional serrated adenoma. The critical morphological findings are the definite occurrence of traditional serrated adenomas arising in sessile serrated adenomas and microvesicular hyperplastic polyps and the important distinction between this process and development of sessile serrated adenomas with dysplasia. In addition, overt dysplasia arising in a traditional serrated adenoma requires distinction from the senescent change seen in ordinary traditional serrated adenomas. Thus, we believe that the nomenclature of the traditional serrated adenoma should be unified with that of the sessile serrated adenoma, so that the diagnostic categories are traditional serrated adenoma (including traditional serrated adenoma arising in sessile serrated adenoma or microvesicular hyperplastic polyp) and traditional serrated adenoma with dysplasia (to encompass cases with a discrete focus of overt dysplasia). Similar to the sessile serrated adenoma, this approach will simplify the nomenclature and is also more representative of the underlying biology.
At a molecular level, traditional serrated adenomas can be broadly divided into BRAF and KRAS mutant subtypes (with BRAF/KRAS wild-type cases segregating better with KRAS mutant polyps). This distinction has clinicopathological and biological significance. BRAF mutant traditional serrated adenomas are more often proximal, are regularly associated with a precursor polyp, and are more frequently CpG island methylator phenotype high. In addition, CDKN2A silencing appears to be critical to malignant progression of BRAF mutant traditional serrated adenomas but not KRAS or BRAF/KRAS wild-type traditional serrated adenomas.
More broadly, essentially all advanced traditional serrated adenomas show retention of MLH1 staining, implying a near universal microsatellite-stable phenotype. This is expected for KRAS and BRAF/ KRAS wild-type traditional serrated adenomas but was unexpected for BRAF mutant cases. This finding is particularly important given that the BRAF mutant, microsatellite-stable subtype of colorectal carcinoma is known to be highly aggressive. Thus, BRAF mutant traditional serrated adenomas are an important precursor of these aggressive cancers. At present, advanced traditional serrated adenomas are not formally recognized. Hence, the surveillance guidelines issued by the US Multi-Society Task Force for Colorectal Carcinoma also do not include this entity. 41 Given the rarity of these polyps, it is unlikely that high-quality evidence to direct surveillance will become available; however, based on our molecular results, advanced traditional serrated adenomas are potentially aggressive lesions and we believe that in the rare instances when these polyps are identified, complete resection with close surveillance is required.
